In-situ resistivity vs. temperature, Rutherford backscattering spectrometry, Auger electron spectroscopy and X-ray diffraction measurements have been performed in order to study the effects arising from the presence of oxygen in the annealing ambient on the integrity of amorphous films of TiSix, with x ranging from 1.45 to 2.1. Crystalisation occurs around 400 C. The presence of oxygen produces the formation of silicon and titanium oxide around 500 C. Critical analysis of the experimental results have indicated that metal oxidation is inhibited when an excess of silicon is present, which suggests the use of a sputtered Si coating cap as a medium capable of effectively decoupling the silicide film from oxygen. This avoids unwanted Ti oxidation even in heavily oxygen contaminated ambients up to the highest temperatures used for the formation of low resistivity titanium disilicide.
INTRODUCTION
Among the refractory metal/silicon compounds, titanium-disilicide is the material with the lowest electrical resistivity at room temperature 1,:. As a consequence it is preferred when interconnections in silicon integrated electronic devices are required. The silicon-titanium phase diagram includes five stable compounds 2,11" TiSi2, TiSi, TisSi4, TisSi3, Ti3Si, and the disilicide is the one of interest. It has two different crystalline structures: one orthorhombic base-centered C49 (bc C49 TiSi2) structure3, which is formed after low temperatures anneals (around 500 C), and the other orthorhombic face-centered C54 (fc C54 TiSi2) structure4, which is formed above 700 C. The fc C54 TiSi2 structure has the lowest resistivity of the two.
Several techniques have been employed for the formation of titanium silicide alloy films1,5-23. Here we shall refer to those which deal with a Si-Ti alloy film with a composition close to TiSi2. The films are generally amorphous as deposited, and high tempertures (up to 800 C) are necessary to make a stable low resistivity titanium disilicide polycrystalline film. However Ti, either alone or as a silicide, reacts with most of the elements. The transformation kinetics of the silicon-titanium compounds are expected to be influenced by the presence of impurities, such as oxygen, carbon and nitrogen. These impurities can be (i) incorporated in the metal film during deposition, (ii) incorporated in the polysilicon film used as a substrate in the polycide gate structure, or (iii) located at the metal/silicon interface.
However, transformation kinetics can also be affected by these impurities when they are present in the annealing ambient. The contributions of (i) to (iii) can be avoided with the current depositon sytems, whereas the influence of the annealing ambient is more difficult to control and was found to be, for instance, the source of unwanted metal oxidation in tungsten hybridized films [24] . Metal oxides are also difficult to remove during patterning processes and degrade the electrical properties of the silicon oxide layers.
The purpose of the present work is to elucidate the microscopic mechanisms which are responsible for the crystallisation and formation of oxide EXPERIMENTAL RESULTS Table I shows the samples analyzed and some of their properites measured after slow heating in purified argon ambient up to 420 and 800 C. At the latter tem- To obtain information on the chemical bonding of the various elements, the whole AES spectra have been recorded during the depth profile measurements in the points marked a, b and c in Fig. 6 , and they are reported in Fig. 7 . TITANIUM SILICIDE FORMATION 21 The effect of a thin layer of silicon sputtered on top of the silicide layer for a TiSil.6 sample (Si-cap) is shown in Fig. 8 . Fig. 8a shows the depth profiles related to the film as-deposited. The effect of the presence of the silicon cap is here clearly shown: some oxygen is detected only at the surface in the thin native silicon dioxide layer. Fig. 8b shows the depth profiles related the the film which had undergone heating in oxygen contaminated atmosphere up to 800 C. It can be here seen that, after heating, only a very thin native silicon oxide layer is grown at the sample surface, in contrast with the thick mixed oxide found in the non-capped samples as shown in Fig. 6 . Moreover, the film composition reaches the stoichiometric 1:2 ratio, due to the reaction of excess Ti with Si from the underlying polysilicon. Fig. 9 shows AES spectra obtained for a Si-capped sample which had undergone the thermal treatment in oxygen-bearing atmosphere at 875 C for 120 min. The growth of a thick silicon dioxide layer is exhibited with the remarkable result that the Ti content in the film is negligibly small.
(4) x-ray diffraction XRD data are reported in Figs. 10a and 10b , the former for Si-rich samples, the latter for the Ti-rich ones, both as deposited and after heating in purified Ar atmosphere up to 420 and 800 C. Both types of samples as deposited are amorphous and the only peaks come from the polysilicon substrate. Upon heating up to 420 C it is seen that only the bc C49 TiSi2 phase is present for the silicon-rich samples (Fig. 10a) XRD spectra taken in a Si-rich sample as deposited (upper figure), after heating in purified atmosphere up to 420 C (middle figure) and up to 800 C (lower figure) .
temperature in the titanium-rich samples (Fig. 10 b) . XRD spectra also show that, upon annealing at 800 C, for both types of samples only the fc C54 TiSi2 phase is produced.
Capped and uncapped samples have also been XRD analyzed after annealing in oxygen-bearing atmosphere up to 800 C. Both type of samples exhibit the presence of the fc C54 TiSi2 phase. The uncapped samples show peaks with lower intensities than for the capped ones reflecting the consumption of the silicide film caused by oxidation.
DISCUSSION AND CONCLUSIONS
We have seen that the amorphous films of titanium-silicon alloys as deposited exhibit a high electrical resistivity, and that suitable heat treatments are necessary to FIGURE 10b XRD spectra taken in a Ti-rich sample as deposited (upper figure), after heating in purified atmosphere up to 420 C (middle figure) and up to 800 C (lower figure). achieve the desired low values. The sheet resisitivity vs. temperture dependence shown in Figs. 2-3 can be considered as a reference for the behaviour of the TiSix alloy system undergoing an annealing process, for x in the neighbourhood of two. Both alloys, Si-and Ti-rich exhibit two sharp drops in the resistivity vs. temperature plots. The first evidences the low temperature transition which occurs around 350-400 C. According to XRD analysis, it corresponds to the transformation from the amorphous to crystalline bc C49 TiSi2 phase. The second illustrates the high temperture transition which occurs around 700-800 C and corresponds to the phase transformation from bc C49 TiSi2 to fc C54 TiSi2. This latter phase is the desired equilibrium phase and has the lowest value of sheet resistivity of about 15-17 microohm-cm as shown in Table I . This value is in agreement with those reported 33 in the literature which range from 10 to 20 microohm-cm Table I shows that a heat treatment up to 800 C of a film made of evaporated (i) During annealing in a purified argon ambient the alloys crystallize around 450 C in the bc C49 TiSi2 phase with an activation energy of 1.3 eV for Ti-rich and 0.8-1.5 eV for Si-rich alloys. At high temperatures, around 700 C, the bc C49 TiSi2 phase transforms into the fc C54 TiSi2 (the desired low resistivity equilibrium phase)
with an activation energy of 3 eV.
( 
